We introduce a novel class of metamaterials with quasicrystalline meta-atom arrangements and study their properties in comparison with periodic and disordered metamaterials. We show that quasicrystalline metamaterials exhibit isotropic optical properties while preserving pronounced resonances.
Introduction
The concept of metamaterials offers exceptional opportunities for creating artificial materials with virtually unlimited range of macroscopic properties, including such that are remarkably different from natural materials [1] . Optical metamaterials rely on the ability to fabricate nanoscale metal-dielectric particles of various shapes (meta-atoms) arranged in a specific pattern. This approach allows us to create at will composite metamaterials optimized for a desired operation and functionality. In recent years, it became evident that interactions between the single meta-atoms in the array play an important role for the metamaterial response [2] . Thus, the inherent arrangement of identical metal-dielectric nanoparticles affects the macroscopic optical properties of metamaterials. However, up to date most of the studies of various properties of metamaterials are based on a silent assumption that, similar to most solids in nature, the meta-atoms are composed in a periodic lattice. One of the main disadvantages of such an arrangement is the anisotropic response of the metamaterial for the case of oblique incidence of light. In order to obtain isotropic optical response, metamaterials with disordered arrangement of elements have been proposed [3, 4] . However, disorder increases scattering of the light dramatically, which reduces the resonant power of the structure.
In this letter we introduce a novel class of metamaterials with a quasicrystalline meta-atom arrangement. Such an arrangement has long-range positional order, but no periodicity. Therefore quasicrystalline metamaterials exhibit isotropic optical response in contrast to periodic metamaterials while preserving same level of scattering. The effect of the meta-atom interactions is measured by examining the extrinsic optical activity [5, 6] of the different metamaterials at the oblique incidence, which allow us to be only sensitive to the optical properties induced by the symmetry characteristics of the underlying lattice. As such, we reveal that qualitatively different optical properties of metamaterials can be achieved by controlling the geometry of their nanoparticle constituents and predict a novel type of metamaterials, quasicrystalline metamaterials.
Symmetry-dependent optical properties of metamaterials
In our experiments we utilize a magnetic optical metamaterial composed of meta-atoms consisting of two Au disks each 25 nm thin, separated by a 30 nm MgF 2 layer (Fig. 1a) . The meta-atom has a circular symmetry with bottom diameter of 180 nm and weak tapering of 10°. The identical meta-atoms are placed on a glass substrate and arranged into three types of symmetries: periodic (and consequently ordered) [ Fig. 1(b) ], quasicrystalline (ordered, but non-periodic) [ Fig. 1(c) ], and disordered non-periodic array [ Fig. 1(d)] . By comparing the properties of those three samples we can independently study the impact of both order and periodicity and emphasize the influence of the unique quasicrystalline arrangement. The impact of the order of meta-atom arrangement can be directly observed by comparing the strength of the resonances of our metamaterials. To precisely measure the impact of periodicity of meta-atoms arrangements we study the extrinsic optical chirality of the metamaterials. The extrinsic chirality of internally non-chiral object appears when the direction of propagation of light isn't parallel to any of the mirror planes of the object. In our case the single meta-atom is a disk, i.e. it has infinite number of mirror planes, therefore it cannot exhibit chirality by itself. However, the arrangement of the meta-atoms may still have a finite number of mirror planes. Therefore, by measuring chirality of our metamaterial, we observe the impact of the meta-atom arrangement only, regardless the impact of a single meta-atom.
To characterize chirality of the metamaterials we study the transmission of circular-polarized light at oblique incidence onto the sample. Fig. 2 shows the experimental setup and an example of mutual orientation of the light wave and the metamaterial, which gives rise to extrinsic chirality. Top plots in Fig. 3 shows the transmission spectra of left-circularly polarized light for 45 . Radial coordinates of each polar plot correspond to different wavelengths in the range 0.5-1.0 μm; angular coordinates correspond to different angles. Next we examine chirality by calculating circular dichroism as the difference of amplitudes of transmitted left-and right-circularly polarized light:
, as shown in the bottom plots of Fig. 3 . We observe that all three transmission spectra have two resonant lines: near 0.7 µm (electric dipole resonance) and near 0.95 µm (magnetic dipole resonance). We notice that the spectra of the metamaterials with ordered lattices are much sharper in comparison with the disordered metamaterial. We also observe that periodic metamaterial exhibits strong circular dichroism and therefore chirality for angles /4 , which is a result of interaction induced anisotropy. As one could expect, the disordered metamaterials shows no chirality. Most importantly, the quasicrystalline metamaterial shows no chirality and therefore strong isotropy. In conclusion, we have introduced the concept of quasicrystalline metamaterials and revealed that their unique symmetry leads to optical isotropy while preserving the resonance strength of the metamaterial.
